MicroRNAs (miRNAs) are small, non-coding RNAs that negatively adjust gene expression in multifarious biological processes. However, the regulatory effects of miRNAs on Schwann cells remain poorly understood. Previous microarray analysis results have shown that miRNA expression is altered following sciatic nerve transaction, thereby affecting proliferation and migration of Schwann cells. This study investigated whether miR-148b-3p could regulate migration of Schwann cells by directly targeting cullin-associated and neddylation-dissociated 1 (Cand1). Up-regulated expression of miR-148b-3p promoted Schwann cell migration, whereas silencing of miR-148b-3p inhibited Schwann cell migration in vitro. Further experiments confirmed that Cand1 was a direct target of miR-148b-3p, and Cand1 knockdown reversed suppression of the miR-148b-3p inhibitor on Schwann cell migration. These results suggested that miR-148b-3p promoted migration of Schwann cells by directly targeting Cand1 in vitro. ; Schwann cells; migration; Cand1; gene expression; microarray; peripheral nerve injury; mechanisms; neural regeneration Graphical Abstract miR-148b-3p contributes to the migration of Schwann cells cultured in vitro by negatively regulating cullin-associated and neddylation-dissociated 1 (Cand1)
Introduction
Recovery of injuried central and peripheral nerves remains problematic and difficult (Navarro et al., 2007) . This is primarily due to the inability for intrinsic growth and the existence of a regeneration barrier (Zou et al., 2009 ). Schwann cells (SCs) play a very important role in removing growth obstacles. Following sciatic nerve injury, mature SCs differentiate, proliferate, and migrate, thereby forming a path to guide the growth of new axons (Kury et al., 2001) . SCs also contribute to the construction of a microenvironment for nerve regeneration by excreting multiple neurotrophic factors and adhesion molecules (Ngeow, 2010) . However, the particular mechanisms that regulate SC proliferation and migration remain unknown. For successful regeneration, it is necessary to explore the molecular mechanisms of SCs. microRNAs (miRNAs) are endogenous molecules that are approximately 22 nucleotides of non-coding RNA molecules (Bartel, 2009) . miRNAs come from either miRNA genes or as a part of intron-encoded proteins; they are further maturated by the endoribonuclease Dicer (Wu and Murashov, 2013) . Mature miRNA can play a negative role in the degradation or silencing of mRNA by combining Promote the 3′-untranslated region (UTR) (Filipowicz et al., 2008; Carthew and Sontheimer, 2009) . Knocking out the key Dicer not only inhibits differentiation, but also promotes apoptosis and cell death (De Pietri Tonelli et al., 2008) . In SCs, Dicer deletion increases proliferation, but blocks myelination (Bremer et al., 2010; Pereira et al., 2010; Verrier et al., 2010) . Taken together, these studies suggest that miRNAs play a critical role in cell development.
The role of miRNA has also been studied in a variety of diseases. For example, decreased miR-485-5p promotes BACE1, which stimulates the development of Alzheimer's disease (Faghihi et al., 2010) . miR-433 and miR-7 regulate expression of α-synuclein, which is associated with cytotoxicity in Parkinson's disease (Wang et al., 2008; Junn et al., 2009) . Previous studies have shown that miR-160b, 30b, and 181b are significantly up-regulated in the frontal cortex of schizophrenia patients (Kim et al., 2010; Santarelli et al., 2011) , and miR-148b-3p increases proliferation of breast cancer cell lines (Jiang et al., 2015) . Nevertheless, very little is understood about the role that miRNAs play in nerve regeneration (Lu et al., 2014) .
Results from microarray analyses and extensive function screening have revealed that expression of many miRNAs, such as miR-221/222 and miR-182, changes after sciatic nerve injury and affects proliferation and migration of SCs (Yu et al., 2011 (Yu et al., , 2012a . The present study investigated whether miR-148b-3p could regulate SC migration by directly targeting cullin-associated and neddylation-dissociated 1 (Cand1), a negative regulator in the proliferation (Murata et al., 2010) .
Materials and Methods
Primary Schwann cell culture and transfection with oligonucleotide Primary SCs were obtained from sciatic nerves of 1-day-old Sprague-Dawley rats of either sex. The SCs were cultured for 2 days with 10 μM Ara-C (Sigma, St Louis, MO, USA) to eliminate fibroblasts. The SCs were then further cultured with 50 ng/mL recombinant glial growth factor 2 (R&D Systems, Minneapolis, MN, USA) and 2 μM forskolin (R&D Systems) for 3 days, and then were purified by incubating with anti-Thy1.1 antibody diluted in Dulbecco's modified Eagle's medium (DMEM) containing 10% fetal bovine serum (1:1,000; Sigma) for 1.5 hours on ice (Mantuano et al., 2008) . SCs were used when the purity reached 98%, as determined by immunoreaction with S100β. Primary SC cultures were cultured in DMEM containing 10% fetal bovine serum at 37°C and in a humidified 5% CO 2 incubator. miR-148b-3p mimics (20 mM), mimic control (20 mM), miR-148b-3p inhibitors (100 mM), inhibitor control (100 mM) or siRNAs (100 mM), and negative control (100 mM) (Ribobio, Guangzhou, Guangdong Province, China) were separately transfected into the SCs using Lipofectamine RNAiMAX transfection reagent (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's instructions (Yu et al., 2012a) . Assays were performed three times in triplicate wells. All experimental procedures involving animals were conducted in accordance with institutional animal care guidelines and were ethically approved by the Administration Committee of Experimental Animals (SYXK (Su) 2015-0016), Jiangsu Province, China.
Quantitative reverse-transcription polymerase chain reaction (qRT-PCR)
At 36 hours after transfection with miRNA mimics or siRNAs, the Prime-Script RT reagent Kit (TaKaRa, Dalian, Liaoning Province, China) was used to synthesize reverse-transcribed complementary DNA (cDNA). PCR was conducted using the SYBR Premix Ex Taq kit (TaKaRa). RT-PCR was performed on an ABI7900 thermocycler (Applied Biosystems, Foster, CA, USA). qPCR primers were designed using NCBI Primer Blast and were manufactured by Sangon Biotech (Shanghai, China). Cand 1 primer sequence: forward: 5′-CCA GTC ACA GAT CAG CTC CA-3′; reverse: 5′-CCT CAT GTG GAA CAC ACG TC-3′; product size: 119 bp. The reaction system was as follows: 10 μL SYBR® Premix Ex TaqTM (2×), 2 μL PCR primer, 0.4 μL ROX Reference Dye, 1 μL product from RT reaction, and ddH 2 O to 20 μL. The PCR reaction was as follows: initial denaturation at 95°C for 2 minutes; 45 cycles of denaturation at 95°C for 15 seconds, annealing elongation at 60°C for 1 minute; final elongation at 95°C for 15 seconds, 60°C for 1 minute. Each sample was run in triplicate in each assay. β-Actin was used as the endogenous control. The relative expression level was calculated using the comparative 2 −ΔΔCt methods (Livak and Schmittgen, 2001 ).
Cell migration assay SC migration was investigated using Transwell chambers with 8-mm-deep pores (Costar, Cambridge, MA, USA). The bottom surface of each membrane was coated with 10 mg/mL fibronectin (Sigma). At 36 hours after transfection with miR-148b-3p mimics (20 mM), miR-148b-3p inhibitors (100 mM), or siRNAs (100 mM), 100 μL SCs (1 × 10 6 cells/mL) were re-suspended in DMEM and transferred to the top chambers of each Transwell (Mantuano et al., 2008) .
The lower chambers were loaded with 500 μL complete medium. After 24 hours, a cotton swab was used to clean the upper surface of each membrane. Migrated cells on the bottom surface of the Transwell membrane were stained with 0.1% crystal violet and quantified using a DMR inverted microscope (Leica Microsystems Bensheim, Germany). Assays were performed three times in triplicate wells. A total of 10 fields were randomly sampled per well. The average number of crystal violet-stained cells per field was determined.
Luciferase reporter assay
Potential mRNA targets of miR-148b-3p were predicted by Target Scan and microarray. Cand1 was finally chosen from the intersection of the prediction and microarray. We obtained the 3′-UTR sequence of Cand1 from the genomic DNA and sub-cloned the region directly downstream of the luciferase gene stop codon in the luciferase reporter vector. Different p-Luc-UTR luciferase reporter vectors were obtained from PCR amplification of the 3′-UTR sequence of Cand1 using appropriate primers. Cand1-3′ UTR primer sequence: forward: 5′-CCG GAA TTC ACG TGT GTT CCA CAT GAG-3′; reverse: 5′-CCG CTC GAG AAA GTT TTA ACA TTT TAA TCC-3′; product size: 336 bp. The 3′-UTR sequences were confirmed by sequencing.
HEK293T cells were transfected with p-Luc-UTR (30 ng), miRNA mimics (5 pmol), and Renilla (5 ng) in each well of 96-well plates using the Lipofectamine 2000 transfection system (Invitrogen). At 48 hours after incubation, activities of firefly and Renilla luciferases were measured in the cell lysates using the dual-luciferase reporter assay system (Promega, Madison, WI, USA).
Statistical analysis
All data are expressed as the mean ± SD. Statistical analyses were performed by SPSS 18.0 software (SPSS, Chicago, IL, USA). The Student's t-test was used to compare the difference of intergroup data. A value of P < 0.05 was considered statistically significant.
Results

Effects of miR-148b-3p on Schwann cell migration in vitro
We investigated whether miR-148b-3p played a part in the regeneration of peripheral nerves. Primary SCs were transfected with mimic control and miR-148b-3p mimic, and then added to Transwell inserts 36 hours later. At 24 hours after cell culture, crystal violet staining showed that miR148b-3p mimic significantly promoted SC migration compared with the control (P < 0.05; Figure 1A) . Silencing miR148b-3p decreased SC migration when transfected with the inhibitor control and miR-148b-3p inhibitor (P < 0.05; Figure 1B) . These results indicated that miR-148b-3p increased SC migration in vitro.
miR-148b-3p induced inhibition of Cand1 expression by targeting the 3′-UTR region
To investigate the underlying molecular mechanisms of miR148b-3p initiating SC migration, potential mRNA targets of miR-148b-3p were selected by cross-referencing programs (Target Scan) and microarray results. A total of 476 potential target genes were predicted by software, and 1,736 down-regulated genes after transfection with miR-148b-3p mimics of SC were obtained (P < 0.05; Figure 2A) . Among the 52 genes in the intersection of the two predictions, Cand1 was finally selected as a potential target of miR-148b-3p. Furthermore, a luciferase reporter construct was made by inserting the Cand1 3′-UTR containing the predicted target site of miR148b-3p into the luciferase reporter gene. The relative luciferase activity was repressed by nearly 50% by miR-148b-3p ( Figure 2B) . These results demonstrated that miR-148b-3p specifically repressed Cand1 expression through the predicted target site in the Cand1 3′-UTR. qRT-PCR analysis further demonstrated that miR-148b-3p dramatically suppressed endogenous mRNA expression of Cand1 when the SCs were transfected with miR-148b-3p mimics ( Figure 2C) . These results suggested that miR-148b-3p reduced Cand1 expression by targeting the 3′-UTR region.
Recapitulation of miR-148b-3p effects by Cand1 knockdown in Schwann cells
Two specific small interfering RNAs (siRNAs) against Cand1 were synthesized. The results showed that siRNA-1 and siRNA-2 both inhibited Cand1 expression compared with the negative control (P < 0.05; Figure 3A) . The Transwell assay showed that siRNA-1 and siRNA-2 both promoted SC migration, although the effect of siRNA-2 was more obvious (P < 0.05; Figure 3B ). To further determine whether down-regulation of Cand1 directly mediated miR-148b-3p-induced SC migration, SCs were transfected with miR148b-3p inhibitor with or without siRNA-2 against Cand1 (P < 0.05). As shown in Figure 3C , anti-miR-148b-3p significantly decreased SC migration. Conversely, a significant increase in cell migration was detected in groups co-transfected with miR-148b-3p inhibitor and siRNA-2 (P < 0.05). These results suggested that inhibition of Cand1 expression rescued the migration suppression induced by the miR148b-3p inhibitor.
Discussion
The in vitro role of miR-148b-3p in SCs was explored in this study. Transfection with miR-148b-3p mimics or inhibitors revealed that miR-148b-3p improved SC migration. Cand1, a negative regulator of SKP1-Cullin1-F-box ubiquitin ligases, has the direct target region of miR-148b-3p. Decreased Cand1 expression can promote SC migration. These data showed that increased expression of miR-148b-3p promotes SC migration by reducing Cand1 expression.
During nerve regeneration after peripheral nerve injury, miRNAs provide a powerful mechanism for post-transcriptional control of gene expression. Microarray analysis revealed miRNAs with significant expression changes, such as miR-9, miR-132, miR-182, Let-7, miR-221, and miR-222. Our previous studies showed that miR-9 inhibits SC migration by targeting Cthrc1 (Zhou et al., 2014) ; miR-221 and miR-222 promote SC proliferation and migration by targeting LASS2 (Yu et al., 2012b) ; miR-182 inhibits SC proliferation and migration by targeting FGF9 and NTM following sciatic nerve injury (Yu et al., 2012a) ; and Let-7 reduces SC proliferation and migration by targeting NGF . Liu et al. (2015) showed that inhibition of miR-148b stimulates cell proliferation, enhances chemosensitivity, and increases cell metastasis and angiogenesis in vitro. Another study confirmed that miR-148b suppresses hepatocellular carcinoma cell proliferation and invasion by targeting the WNT1/β-catenin pathway . However, the mechanisms of miR-148b-3p are different from miR-148b, and miR-148b-3p has been shown to increase proliferation of breast cancer cell lines (Aure et al., 2013) . Proliferation of breast cancer cell lines can also be increased by miR-148b-3p (Jiang et al., 2015) . The results from the present study showed another function of miR-148b-3p increased SC migration in vitro by targeting Cand1.
Cand1 has been shown to remold the SKP1-Cullin1-Fbox repertoire in response to changing growth conditions (Zemla et al., 2013) , and Cand1 has also been shown to be a negative regulator in the proliferation of lymph node carcinoma of prostate cells (Murata et al., 2010) . The present study explored whether miR-148b-3p and Cand1 affected SC proliferation, and the results showed no change in SC proliferation, regardless of whether expression of miR-148b-3p or Cand1 was altered.
In summary, Cand1 suppressed migration of SCs, and the results showed a direct interaction between Cand1 and miR-148b-3p. SC proliferation and migration can affect myelination, suggesting that further studies are needed to determine the effects of Cand1 on the myelin of axons. The results from the present study offer a novel target to study SC migration, and provide evidence for a role for Cand1 in peripheral nerve regeneration, as well as cancer diagnosis and treatment.
